Due to the significant increase in the number of monitor units used to deliver a dynamic IMRT treatment, the total MLC leakage ͑transmission plus scatter͒ can exceed 10% of the maximum in-field dose. To avoid dosimetric errors, this leakage must be accurately accounted for in the dose calculation and conversion of optimized intensity patterns to MLC trajectories used for treatment delivery. In this study, we characterized the leaf end transmission and leakage radiation for Varian 80-and 120-leaf MLCs using Monte Carlo simulations. The complex geometry of the MLC, including the rounded leaf end, leaf edges ͑tongue-and-groove and offset notch͒, mounting slots, and holes was modeled using MCNP4b. Studies were undertaken to determine the leakage as a function of field size, components of the leakage, electron contamination, beam hardening and leaf tip effects. The leakage radiation with the MLC configured to fully block the field was determined. Dose for 6 and 18 MV beams was calculated at 5 cm depth in a water phantom located at 95 cm SSD, and normalized to the dose for an open field. Dose components were scored separately for radiation transmitted through and scattered from the MLC. For the 80-leaf MLC at 6 MV, the average leakage dose is 1.6%, 1.7%, 1.8%, and 1.9% for 5ϫ5, 10ϫ10, 15ϫ15, and 20ϫ20 cm 2 fields, respectively. For the 120-leaf MLC at 6 MV, the average leakage dose is 1.6%, 1.6%, 1.7%, and 1.9% for the same field sizes. Measured leakage values for the 120-leaf MLC agreed with calculated values to within 0.1% of the open field dose. The increased leakage with field size is attributed to MLC scattered radiation. The fractional electron contamination for a blocked MLC field is greater than that for an open field. The MLC attenuation significantly affects the photon spectrum, resulting in an increase in percent depth dose at 6 MV, however, little effect is observed at 18 MV. Both phantom scatter and the finite source size contribute to the leaf tip profile observed in phantom. The results of this paper can be applied to fluence-to-trajectory and trajectory-tofluence calculations for IMRT.
I. INTRODUCTION
Most implementations of intensity modulated radiation therapy ͑IMRT͒ treatment delivery rely on the use of multileaf collimators ͑MLCs͒ to produce desired beamlet intensity variations. Standard MLCs, initially developed as a replacement for metal alloy blocks, have been used for delivering IMRT using a variety of methods. Examples of this include step-and-shoot beam delivery, [1] [2] [3] [4] dynamic-MLC ͑DMLC͒ beam delivery, [5] [6] [7] [8] [9] [10] [11] and intensity modulated arc therapy ͑IMAT͒. 12 When standard MLCs are used for IMRT beam delivery, the contributions of radiation leakage ͑transmission plus scatter͒ from both the leaves and the leaf tips can be a substantial portion of the dose delivery. For conventional non-IMRT beam delivery, radiation leakage from the MLC leaves contributes ϳ2% of the maximum field dose to areas beneath the MLC but within the aperture defined by the jaws. 2, [13] [14] [15] For IMRT, and particularly for DMLC based IMRT, each portion of the treatment field is blocked by the MLC for some portion of the treatment. The total MLC leakage contributing to a point in an IMRT field can be approximated by the static field leakage multiplied by the product of the number of monitor units delivered for the IMRT field and the fraction of time the point is blocked by the MLC. In many cases, both the fraction of time a point is blocked and the total number of monitor units used to deliver a dynamic IMRT treatment are large. In these cases, the dose by the MLC leakage can contribute more than 10% of the maximum in-field dose, and accounts for 100% of the local dose in some field locations. Examples of this were shown by Mohan et al. 16 who demonstrated that the MLC leakage was 74% of the treatment field dose for a 0.5 cm window width and 2.9% for a 10 cm wide window.
To ensure accuracy for IMRT, radiation leakage must be accounted for during the dose calculation and in the conversion from optimized intensity patterns to MLC trajectories used for treatment delivery. Some attempts have been made in this regard. Stein et al. 11 took leaf penumbra and transmission into account for the fluence distribution delivered by the sliding window technique. They incorporated an empirical function of the penumbra profile into the fluence profile. LoSasso et al. 17 applied a static MLC transmission of 2% to points outside the field. Similarly, Ma et al. 18 approximated the effect of MLC leakage by increasing beamlet intensities by the number of monitor units that the intensity element was blocked multiplied by a measured transmission factor for Monte Carlo based IMRT dose calculations. Papatheodorou et al. 19 used the 2% leaf transmission of LoSasso et al. 17 to account for leaf transmission in monitor unit calculations and presented results similar to those of Mohan et al. 16 Xia and Verhey, 4 on the other hand, were aware that correction for transmission leakage through the MLC leaves should be taken into account for dose calculation and plan optimization in the planning system, but they did not incorporate leaf transmission into their study.
The MLC leakage radiation can be considered to consist predominantly of two components, radiation transmission and radiation scatter. ͑Head scatter from other treatment head components also is either transmitted or scattered from the MLC.͒ A method was developed for measuring these two components, 20 and applied to 10ϫ10 and 10ϫ40 cm 2 fields. It used found that exclusion of the MLC scatter component would result in dynamic IMRT dose calculation errors of up to 7% for uniform fields delivered with a 0.5 cm window width. 16 Although Papatheodorou et al. 19 used a different approach to account for leaf tip transmission, their IMRT dose delivery example resulted in conclusions similar to those of Mohan et al. 16 The contribution to IMRT field dose from radiation transmitted through the rounded MLC leaf tip for Varian ͑Varian Medical System, Palo Alto, CA͒ MLCs is also substantial. LoSasso et al. 17 found that the effect of the transmission through the rounded leaf end is greater for dynamic MLC delivery than for the static MLC treatment. 7 They showed that the transmission through the leaf ends contributes 10% of the total dose delivered by a nominal 2 cm window moving at a constant speed across the field, since the effective window width for a 0.1 cm leaf shift is 2.2 cm. As the nominal window width decreases, the leaf shift fraction increases.
Mohan et al. also demonstrated the contributions of transmitted radiation from the rounded leaf end to the total dose delivery. 16 Although they accounted for a leaf shift of 0.3 mm ͑which is smaller than LoSasso et al. 17 ͒, they still observed a difference of ϳ7% between calculated and measured IMRT doses. The example of Papatheodorou et al. 19 also resulted in a ϳ13% difference.
To incorporate the effect of the rounded leaf tips in the fluence-to-trajectory programs, this effect has been approximated by leaf offsets. 16, 17 Other approaches to account for leaf tip transmission use empirical functions while performing fluence profile calculation. 11, 19 The purpose of this paper is to quantify the components of MLC leakage radiation and leaf tip transmission characteristics for Varian 80-and 120-leaf MLCs using Monte Carlo simulations for 6 and 18 MV photon beams. These simulation results are useful for inclusion in, and improving, programs that convert desired intensity distributions into MLC leaf trajectories, and programs that convert MLC leaf trajectories into fluences. Since the Monte Carlo simulations allow direct investigation of the basic individual components of the MLC leakage radiation, the results can supplement and possibly replace much of the measured data currently used by the dynamic MLC conversion programs.
II. METHODS AND MATERIALS
Monte Carlo ͑MC͒ simulations were performed to quantify the components of radiation transported through multileaf collimators. Because it is not possible to separate transmitted and scattered, or photon and electron dose components with measurements, Monte Carlo provides the only basis for analyzing these quantities. To benchmark the accuracy of the Monte Carlo code, comparisons with some basic measurements were performed.
A. Monte Carlo

Monte Carlo codes used
Two Monte Carlo codes were used in these studies. MCNP4b 21 was used for the transport of radiation through the MLC and for some simple in-phantom dose studies. EGS4 [22] [23] [24] with usercodes BEAM 25 and DOSXYZ 26 was used for transport through the accelerator treatment head ͑BEAM͒ and phantom ͑DOSXYZ͒ for tallying dose in a water phantom. The BEAM/MCNP/DOSXYZ codes can be run sequentially without user interaction as a part of the MCV Monte Carlo therapy dose calculation system. 27 This is accomplished by having the MCV code execute a sequence of unix scripts that translate the EGS4 phase space file format to a format acceptable to MCNP, executing the MCNP simulation, then translating the MCNP phase space file back to a format acceptable to EGS4. For all quantities computed with Monte Carlo, statistical uncertainties given in this paper are for one standard deviation of the quantity given. Figure 1 shows a schematic layout of the treatment head configuration used in this study. The model consists of several units such as the target, primary collimator, flattening filter, ion chamber, jaws, MLC leaves, and phantom. The geometric model and testing of the standard treatment head components were described in detail earlier. 28, 29 As input to our simulations, we used phase space files generated in a previous study 29 for our Cl2100 accelerator ͑80-leaf MLC͒ and ones generated and verified using the same techniques for our Cl21EX accelerator ͑120-leaf MLC͒. These files specify the energy, position, and direction of photons and electrons on a plane situated between the ion chamber and jaws. These phase space files were used as they match clinical open field dose measurements for our accelerators.
Beam-line model
All radiation transport through the MLC was done using the MCNP Monte Carlo code. Details of the geometric modeling of the MLC are described below. Transport from the phase space definition plane, through the beam defining jaws, and following the jaws to and through the phantom was accomplished using MCNP or EGS4 with the usercodes BEAM and DOSXYZ. The calculation, therefore, was typically split into several stages, with phase space files providing the interface between the various Monte Carlo code modules.
MLC leaf model
To model the geometry of the Varian multileaf collimator, MCNP4b was employed. MCNP was chosen for the MLC simulations because its combinatorial geometry package readily allows for accurate modeling of complex geometries. Particularly useful was the ability to fully describe a single ͑or few͒ MLC leaf as a cell, then using the cell transformations ͑rotations and translations͒ to specify additional MLC leaves. Both the 80-and 120-multileaf collimators for Varian accelerators were modeled in full detail.
For each MLC, two banks of independent tungsten alloy leaves face each other and travel linearly perpendicular to the beam central axis. Orthogonal to the direction of motion, the leaf edge is parallel to the beam ray line from the target. Figure 2 shows a cross-sectional view of the 80-leaf MLC bank generated by the MCNP4b plotting package. All details of the leaf design were included in the Monte Carlo geometry, including the tongue-and-groove used to reduce radiation leakage through interfaces between adjacent leaves and the complex rounded leaf tip. Details of the leaf tip design are given by LoSasso. 17 The MLC leaf material is a sintered tungsten alloy. These tungsten alloys have densities in the range of 17.0 to 18.5 g/cm 3 . The material density used for our Monte Carlo simulations was determined by matching the measured and calculated MLC leakage at 6 MV for a field in which the jaws were set to produce a 10ϫ10 cm 2 field, but the MLC was configured to block the 10ϫ10 cm 2 area. Variations in batch material density may be one reason for differences between measured radiation leakage values for similar MLC systems by different authors. 20 The 120-leaf MLC consists of two banks of 60 leaves each. The 40 central leaves produce a 0.5 cm resolution at 100 cm SSD and the 20 outer leaves produce a 1.0 cm resolution at 100 cm SSD. Figure 3 tral portion of the 120-leaf MLC are of slightly different design. A stepped edge is used instead of the 80-leaf tongueand-groove design to reduce interleaf radiation leakage. Alternating leaves have their thicker portions facing up and down. To maintain a resolution of 0.5 cm at 100 cm, the isocenter leaves ͑thicker portion faces the isocenter͒ and target leaves ͑thicker portion faces towards target͒ have slightly different dimensions. Mounting slots in the leaves also face alternate directions on the target and isocenter leaves. The rounded leaf tip design of the 120-leaf MLC is similar to that for the 80-leaf MLC, the minor difference being the more round-trimmed corner facing the target in the 120-leaf design. All dimensions used for the Monte Carlo geometric modeling were set to match those specified on the machinist drawings used to manufacture the MLCs.
B. Studies performed
Leakage as a function of field size
When the MLC leaves are withdrawn beneath the jaws so as to not intercept the beam, the field size is defined by the treatment jaws. For the purposes of this study, we call exposures in this configuration open field. To analyze the properties of radiation passing through the MLC, it was useful to define a field in which the MLC leaves are configured to fully block the open field produced by the jaws. For this study, these exposures are termed MLC blocked fields. For a MLC blocked field, the jaw settings determine the area of the MLC leaves exposed to the beam.
To determine the MLC radiation leakage as a function of field size, a MLC blocked field was configured such that the leaf tips were situated beneath the jaws, and projected to a distance of 10.5 cm from the beam central-plane at an SAD of 100 cm. The MLC leaf in this case blocked the area exposed by the jaws. Measurements made with the MLC blocked fields were normalized to open fields ͑MLC re-tracted͒ of the same field size. Ionization chamber measurements were made at a depth of 5 cm in a water-equivalent phantom at a SSD of 95 cm. Ion chamber measurements were made with a PTW ͑PTW, Freiburg, Germany͒ Model 23333 Farmer-type ionization chamber. The long axis of the ion chamber was placed perpendicular to the direction of motion of the MLC leaves so as to span more than one MLC leaf. The active length of a Farmer chamber is 2.3 cm. To ensure that the leakage measured was indeed the average for the field, ion chamber measurements were repeated with the chamber shifted Ϯ0.3 cm along the chamber's long axis. The average of the central axis and the offset values were used for the measured average ion chamber leakage.
MCNP4b Monte Carlo simulations were performed with the same geometry as the measurements. The energy deposited in the phantom was recorded using a standard energy deposition tally ͑*F8 for MCNP͒ in a 3ϫ3ϫ2 cm 3 volume centered at the measurement point. This tally includes the full effects of electron transport.
MLC leakage radiation components
The total radiation leakage from the MLC can be broken into its source components since the Monte Carlo simulation keeps track of the location of the last interaction for each particle as it is being transported. By filtering the phase space file exiting the MLC by the location of the last photon interaction ͑whether it was upstream of the MLC or within the MLC͒, the total MLC leakage was broken up into transmitted and MLC scattered components. Further transport calculations into the phantom then proceeded using separate Monte Carlo simulations for the transmitted and scattered phase space files separately. This was performed for each of the beam configurations ͑field sizes and energies͒ listed in the preceding section, to ascertain the transmission and scatter leakage components.
MLC electron dose contribution
Photon interactions within the MLC generate secondary electrons that can contribute dose to a patient/phantom. To determine the relative dose contributions from these secondary electrons, photon and electron phase space components were separated immediately following the MLC and immediately before the phantom and transported through the phantom independently. For comparison, similar calculations were performed for open fields. These calculations were performed for 6 MV and 18 MV photon beams with the phantom located at 95 cm SSD. In-phantom dose was scored in 2.0ϫ2.0ϫ0.2 cm 3 voxels using the DOSXYZ code.
Beam hardening by the MLC
The effect of the MLC on the beam hardness was determined by scoring the photon energy spectra in the central 3.0ϫ3.0 cm 2 area at 95 cm SSD for a jaw-defined 10 ϫ10 cm 2 open field and the same field blocked by the MLC. To illustrate the effect of this beam hardening, depth dose profiles were also scored in 3.0ϫ3.0ϫ0.2 cm 3 voxels for a water phantom located at 100 cm SSD using DOSXYZ.
Leaf tip transmission
The characteristics of the radiation field edge formed by the leaf tips was studied by positioning the leaf tips on the central axis, at ϩ10 cm and Ϫ10 cm projected to 100 cm from the source and using MC to compute dose and fluence in a water phantom. To ensure uniform scatter, all fields were 10ϫ10 cm 2 , with the x-field dimension ͑the direction of leaf motion͒ centered on the MLC leaf tip. Dose in 0.1ϫ2.0 ϫ2.0 cm 3 voxels was scored in a water phantom situated at 95 cm SSD using DOSXYZ. To determine the photon fluence that produced the dose profile, a kerma calculation ͑MCNP4b F2 tally͒ was performed in which the MLC scatter and phantom scatter were ignored. Kerma scoring was performed using adjacent 0.1ϫ5 cm 2 pixel areas on a plane at 5 cm depth in a water phantom. Furthermore, an analytic calculation of the transmission ratio ͑fluence transmission͒ through the 120-leaf MLC using the method of Boyer and Li 30 with an effective attenuation coefficient of 0.73 cm Ϫ1 was included for comparison. Figure 4 shows the measured radiation leakage at 5 cm depth in a water phantom at 95 cm SSD from our Varian 120-leaf MLC for 6 MV and 18 MV as a function of the field size. Recall that the MLC fully blocks the field during this test and the field size is determined by the setting of the jaws. The MC accurately predicts the dependence of the radiation leakage with field size as measured with the ion chamber at 6 MV. The field size dependence of the leakage is accurately predicted at 18 MV, however, the magnitude of the total leakage differs from the measurement by 0.1% of the open field dose. This difference is likely due to the fact that for the MC calculations, the MLC density (17.7 g/cm 3 ) was chosen to match the 6 MV 10ϫ10 cm 2 MLC blocked field results. Selection of a slightly higher density (17.8 g/cm 3 ) results in only a 0.06% difference for both the 6 MV and 18 MV results.
III. RESULTS AND DISCUSSION
A. Leakage as a function of field size
Similar agreement between measured and calculated MLC leakage as a function of field size was obtained for the Varian 80-leaf MLC. The total leakage from the 80-leaf MLC was slightly higher ͑1.70% leakage for 6 MV, 10 ϫ10 cm 2 FS͒ than that for the 120-leaf MLC. Figure 5 shows a profile perpendicular to the direction of leaf motion of the MC computed radiation leakage at 5 cm depth in a phantom for the 80-and 120-leaf MLCs. The amplitude of the undulations for the 120-leaf is less than that for the 80-leaf MLC. This is due to both the smaller interleaf separation distances and the smaller leaf thickness in the central region. ͑0.5 cm vs 1.0 cm for the 120-leaf and 80-leaf MLCs, respectively͒. Table I breaks the computed radiation leakage into its constituent components for each of the MLCs. These leakage values were evaluated at a depth of 5 cm in a water phantom situated at an SSD of 95 cm using an energy deposition tally in MCNP4b. Note that the MLC transmission is nearly independent of the area exposed as expected. The minor deviation for the transmitted dose is due to the fact that each value is normalized to the open field value for the same field size. As the jaw-field size changes, so does the head and phantom scatter.
B. Leakage radiation components
The MLC scattered radiation increases linearly with field size, and is responsible for the increase in MLC leakage with field size. The fractions of scatter radiation for 6 MV and 18 MV are also comparable. Also note how the MLC scatter is the major component of dose outside the field edge defined by the jaws. Figure 6 shows the MLC scattered component for several field sizes and a quadratic fit to each data set. ͑Each data set was fit to a quadratic yϭy 0 ϩax 2 . Constants are aϭ0.0017 for 5ϫ5 cm 2 , aϭ0.0014 for 10ϫ10 cm 2 , a ϭ0.0009 for 15ϫ15 cm 2 , and aϭ0.0012 for 20ϫ20 cm 2 . The y 0 values for each field size are equal to the MLC scatter values given in Table I .͒ This scatter component can be incorporated into leaf sequencing algorithms and dose computations by approximating the scatter as a constant background offset, as the curvature of the fitted curve is large, or by more complex models.
Arnfield et al. 20 estimated the MLC transmission and scatter components of radiation for 80-and 120-leaf MLCs by measuring the total leakage for various field sizes and extrapolating to zero field size. The extrapolated MLC transmission for the 6 MV beam was 1.48Ϯ0.01% and 1.34 Ϯ0.03% for the 80-and 120-leaf MLCs, respectively. The MLC scatter for a field size was obtained by taking the difference between the measured total leakage and the extrapolated MLC transmission. MLC scatter for 10ϫ10 cm 2 was estimated to be 0.20Ϯ0.01% and 0.21Ϯ0.03% for the 80and 120-leaf MLCs, respectively. These results are similar to our MC calculation results of 0.16Ϯ0.01% and 0.17 Ϯ0.01% for MLC scatter from 80-and 120-leaf MLC, respectively.
C. MLC electron dose
The fractional contributions of electrons generated in the MLC to the total dose as a function of depth for 6 MV and 18 MV irradiation of a 10ϫ10 cm 2 field fully blocked by the MLC are shown in Fig. 7 . The dose is broken down into contributions from photons exiting the MLC, electrons exiting the MLC, and electrons produced in the air between the MLC and the phantom. At 6 MV, the electrons generated in the MLC and those generated in the air each account for ϳ18% of the surface dose, while for 18 MV, the contribution is ϳ35% and ϳ18%, respectively. ͑Note that the surface dose was obtained by extrapolation of the dose to the sur- face, not the dose in the voxel from 0 to 0.2 cm depth.͒ The MLC electron contribution drops rapidly at depth, so at a depth of 1 cm, the contribution at 6 MV is ϳ0.8%, while at 18 MV, it is ϳ5%.
For comparison, it is useful to look at the contributions from electrons produced in the treatment head and air for open fields ͓Figs. 8͑a͒ and 8͑b͒ for 6 MV and 18 MV, respec-tively͔. At 6 MV, electrons from the treatment head and air contribute ϳ24% of the surface dose, while at 18 MV, the contribution is ϳ35%. For the 18 MV beam, at 1 cm depth, the open field MLC electron dose component is ϳ10%, double that of the MLC blocked electron dose component.
D. Beam hardening by the MLC
The effect of the MLC on the beam quality is demonstrated in Fig. 9 which shows the fluence in the central 3 ϫ3 cm 2 of a 10ϫ10 cm 2 field. The fluence plots are normalized so the total area under the curve equals one. The preferential removal of lower-energy photons by the MLC is apparent for the 6 MV beam. For the 18 MV beam, hardening of the peak of the photon spectra is also observed, but a reduction in the relative contribution of high energy photons is also observed. This is expected because the minimum in the photon mass-attenuation coefficient for tungsten is ϳ4 MeV.
The effects of the photon beam hardening on the depth dose characteristics are shown in Fig. 10 . These were computed for a 10ϫ10 cm 2 field at an SSD of 100 cm. The 6 MV MLC blocked beam is significantly more penetrating, with the percent depth dose ͑%dd͒ at 10 cm increasing ϳ5%, from 66.7% for the open beam to 69.9% for the MLC blocked field. At 18 MV, however, the effect of the beam hardening on the %dd is negligible.
E. Leaf tip transmission
Leaf tip transmission profiles at a depth of 5 cm in a phantom at 95 cm SSD for the 120-leaf MLC leaf tips centered on the field and with the leaf tips located at Ϯ10 cm at 100 cm SSD are shown in Fig. 11 . The x axis is given as the distance from the light field projection of the leaf tip end on the isocenter plane. Each profile was normalized so the average transmission in the unblocked region between Ϫ3.0 and Ϫ2.0 cm from the leaf tip equals one. After the Ϯ10 cm leaf tip positions are accounted for ͑by shifting the profiles by Ϯ10 cm as appropriate͒, the leaf-tip dose profiles agree to within 2% of those when the leaf is placed on the central axis.
To quantify the contributions to the in-phantom profile, MC simulations were also performed in which kerma from uncollided photons was scored ͑photons that do not scatter in the MLC or in the phantom͒. This result for the leaf tip placed on the central axis is shown in Fig. 12 . Given that the MLC scatter is broad ͑Fig. 5͒, a large part of the leaf tip penumbra can be attributed to in-phantom scatter. The transmission ratio through the MLC leaf tip by a photon point source is also shown in Fig. 12 . The treatment head scatter mainly results in rounding of the profile near the open field side of the leaf tip. Thus use of a point source rather than a more realistic source can result in a ϳ5% underdosing near the leaf tip. Similar results are observed for the profiles when the leaf tips are located at Ϯ10 cm. Table II summarizes the distances between the light-field projected leaf tip end and the 50%-field edge of the radiation field for each field. The in-phantom dose is offset by 0.065 cm, independent of the leaf tip location. The transmission ratio results of 0.028 cm agree well with the value of 0.024 cm of Boyer and Li. 30 
IV. CONCLUSIONS AND SUMMARY
The properties of radiation leakage from multileaf collimators have been studied using Monte Carlo simulations. The results of these studies are useful for developing and incorporating data into models used to convert IMRT intensity patterns into MLC trajectory patterns. The impact of these results on IMRT optimization and IMRT treatment is the subject of future investigations.
Monte Carlo accurately predicts the increase in MLC leakage with field size. By separating the components of the MLC leakage, it has been determined that the increase in leakage is due to scatter from the MLC. This scatter contribution increases from 2% to 25% of the total leakage dose as the MLC blocked field area increased from 5ϫ5 to 20 ϫ20 cm 2 . For dynamic IMRT in which large field sizes are treated, the MLC scatter contribution is not negligible. More conformal jaw settings can reduce the contribution from the scattered radiation.
Electrons exiting from the MLC contribute to the patient/ phantom surface dose. At 6 MV, this contribution is ϳ18%, while at 18 MV, this contribution is ϳ35%. Given that for open fields, electrons contribute ϳ24% and ϳ35% to the surface dose at 6 MV and 18 MV, respectively, use of open field electron energy spectra ͑appropriately scaled by the photon leakage͒ to approximate electrons generated in the MLC will be better than neglecting electrons entirely. In any case, beyond a depth of a few cm, electrons from the MLC do not contribute to the dose in the patient/phantom.
The MLC substantially modified the photon energy spectrum at both 6 MV and 18 MV. For 18 MV, this spectrum change is of little consequence since the depth dose curve is not affected. However, at 6 MV, the spectrum hardening results in hardening of the beam depth dose. If the open field depth dose curve ͑scaled by the leakage͒ is used to approximate the MLC blocked radiation, for 6 MV beams, errors in the leakage dose will be found at some depths.
The in-phantom penumbra from the rounded leaf tip profile is due to in-phantom scatter, treatment head scatter, and transmission through the rounded leaf tip. Using a point source instead of a more realistic source can result in a ϳ5% underdosing near the leaf tip. This will impact IMRT fluence-to-trajectory and trajectory-to-fluence calculations.
While the results of this paper are useful for inclusion into fluence-to-trajectory and trajectory-to-fluence conversion programs used for dynamic IMRT, it should be noted that if Monte Carlo dose calculations that include detailed transport through the MLC are performed for IMRT, all of the potential errors due to ignoring particular effects would be avoided.
